Final-state interactions in (e,e ′ n) knockout reactions in the quasi-free region are studied by considering the multistep direct scattering of the ejectile nucleon. Charge-exchange effects are included through the two-step (e,e ′ p) (p,n) and three-step (e,e ′ p) (p,N) (N,n) processes and are found to increase with missing energy. A comparison with the results obtained with an isospin-dependent optical potential at small missing energies is presented.
A large number of experiments on (e,e ′ p) reactions have been performed over the past years for a wide range of nuclei and kinematical regions. In the quasi-free (QF) region, the experimental cross-sections are well described in the distorted-wave-impulse-approximation (DWIA), where the virtual photon interacts only with the emitted nucleon while the other nucleons are spectators and contribute to FSI only. Extensive comparisons between theoretical and experimental cross sections, including the effects of FSI, have been able to provide insight on the s.p. properties of the nucleus [1] .
On the other hand, experiments on the (e,e ′ n) reaction have not been made so far due to the difficulties in performing high-resolution neutron detection, particularly since theoretical predictions have shown the (e,e ′ n) cross sections to be significantly smaller than the (e,e ′ p) cross sections. In [2] the (e,e ′ n) reaction was described as a direct mechanism accompanied by a two-step process, where a proton interacts with the virtual photon and then undergoes a (p,n) reaction. The charge-exchange process was treated as an isospin-flip in the final state interaction by an isospin dependent optical potential. The resulting cross-sections showed a small effect arising from the charge-exchange contribution which decreased with the outgoing neutron energy. This was found to be in agreement with the results obtained within a self-consistent Hartree-Fock and continuum RPA model [3] . A different approach using a coupled-channels method in the lowest missing energy range [4] also predicted small contributions from charge-exchange processes.
In this paper we aim at investigating the (e,e ′ n) reaction in the QF region with particular interest in the effects of charge-exchange in FSI. The latter are described as a series of two-body NN interactions by means of the quantummechanical multistep direct theory (MSD) of [5] . Apart from direct neutron knockout, other processes contribute to the neutron emission spectra: the neutron after having absorbed the virtual photon undergoes several multistep scatterings before being emitted, and/or the virtual photon is absorbed by a proton which undergoes a charge-exchange reaction leading to neutron emission. The charge-exchange reaction can occur immediately after the photon absorption or after some re-scatterings. This treatment of FSI was extensively discussed in [6] where it was applied to the 40 Ca(e,e ′ p) reaction so in the following sections we mention only the main points related to the application to the 40 Ca(e,e ′ n) reaction and refer to [6] which we hereforth call I, for the details.
The cross section for an ejectile electron energy E k ′ and angle Ω k ′ and ejectile neutron of energy E and angle Ω is written as an incoherent sum of a direct neutron knockout (e,e ′ n) and multistep neutron emission cross sections where the multistep (n-step) cross section is given by the convolution integral
The one-step MSD cross section d 2 σ (1) /dΩdE(N (n) , N (n−1) ) is calculated by extending DWBA to the continuum and is given by
where J is the orbital angular momentum transfer, dσ/dΩ DWBA J is the average of DWBA cross sections exciting 1p1h states consistent with energy, angular momentum and parity conservation and ρ 1p1h,J (U) is the density of such states with residual nucleus energy U = E n−1 −E n . All possible inelastic or charge-exchange processes corresponding to (N (n) ,N (n−1) ) with N=p or n that can occur at the nth-step of FSI are estimated using eq.(2).
The cross section for the (e,e ′ n) and (e,e ′ p) direct knockout reaction is obtained in the one-photon-exchange approximation and can be written in terms of four structure functions [1] 
where Γ V is the flux of virtual photons, φ the out-of-plane angle of the nucleon with respect to the electron scattering plane,
and Q 2 = | q| 2 − ω 2 is the negative mass squared of the virtual photon defined in terms of the momentum q and energy ω transferred by the incident electron through a scattering angle θ. Transitions to discrete final states are calculated with eq.(3) in the distorted-wave-impulse approximation (DWIA) and are extended to the continuum by including an energy distribution described in I and taken from [7] .
The calculations of the (e,e ′ N) direct knockout cross sections and one-step MSD cross sections were performed using the same input parameters as in I. The distorted waves were obtained from the optical potential of [8] and the b.s. wavefunctions from a Woods-Saxon potential with the geometrical parameters of [9] .
The method was applied to the (e,e ′ n) reaction on 40 Ca which is a suitable nucleus for the statistical assumptions of the MSD theory. Identical kinematic conditions as those in I were used, i.e, incident electron energy E k = 497 MeV, electron scattering angle θ = 52.9 • and outgoing neutron energy E = 87 ± 10 MeV. The scattered electron energy E k ′ varied in the experiment from 350 to 410 MeV however, we fixed it at E k ′ = 350 MeV and worked at constant ( q, ω) by varying the neutron energy E accordingly.
In figure 1 we show the theoretical direct (e,e ′ n) knockout and multistep emission angular distributions at four excitation energies. The angle γ corresponds to the angle between the outgoing neutron p and momentum transfer q. The multistep emission curves include contributions from all possible multistep scatterings of a n or p following photon absorption that end up in a neutron being emitted. For the three-step emission for example, we take into account the (e,e ′ n ′ ) (n ′ ,N (2) ) (N (2) ,n) and the (e,e ′ p) (p,N (2) ) (N (2) ,n) processes where N (2) =p and n.
The results show that the direct knock-out (e,e ′ n) process is dominant only at the lower excitation energies (lower missing energies) and even then only at forward angles (missing momentum p m ≤ 200 MeV/c). The multistep scattering cross sections increase with energy and scattering angles and at the higher excitation energies account for almost all the emission cross section. This is due to the large contributions from the two-step (e,e ′ p) (p,n) and three-step (e,e ′ p) (p,N (2) ) (N (2) ,n) processes which involve chargeexchange reactions. In fact, the contributions of these multistep processes are much larger than those from the (e,e ′ n ′ ) (n ′ ,n) and (e,e ′ n ′ ) (n ′ ,N (2) ) (N (2) ,n) processes. At the lowest missing energy the effect of charge-exchange contributions amounts to only ≈ 30 % of the total cross section, however it increases rapidly at large scattering angles and excitation energies.
It is worth comparing these results with those obtained using an isospindependent optical potential to account for charge-exchange contributions as reported in [2] . In figure 2 we present the angular distribution for the direct knockout of a neutron from the 1s 1/2 orbit in 40 Ca using the same kinematic conditions as in the case of figure 1. The residual nucleus is left at an excita-tion energy U ex = 22 MeV which roughly corresponds to the lowest excitation energy included in figure 1 so a comparison is possible. The cross-sections with charge-exchange effects from an optical potential are identical to those obtained without charge-exchange and this can be clearly seen by plotting the difference between the two results (dotted line) in the same figure. The effect is of the order of ≈ 1 − 2 % in contrast with the ≈ 30% effect given by multi-scattering contributions at the same excitation energy in figure 1 . Therefore with the present approach of explicitly including multi-scattering effects in FSI, charge-exchange contributions are small at low missing energies confirming the dominance of the direct knockout mechanism in these energy regions, yet they are not as negligible as found in previous works.
Charge-exchange processes in the final-state interactions have also been considered in two-nucleon knockout reactions where the emission of a protonproton pair is expected to be much lower than the emission of a protonneutron pair. There it has been suggested that part of the proton-proton strength may even arise from (e,e ′ pn) with the outgoing neutron undergoing a charge-exchange final-state interaction. In recent analyses of (γ,pn)/(γ,pp) such effects have been estimated to be about 80% [10] . So far charge-exchange contributions have been considered in two-nucleon knockout by means of an isospin-dependent optical potential [11] and again have been found to be negligible. However, in view of the present results, it would be interesting to evaluate the contributions of the corresponding multistep processes for the (e,e ′ pp) and/or (e,e ′ pn) reaction to see whether their effect is as important as in the (e,e ′ n) knockout reaction. . Differential cross section for the 40 Ca(e,e ′ n) reaction as a function of the angle γ between the emitted neutron momentum and the momentum transfer at four different excitation energies U res of the residual nucleus. Solid line for the direct (e,e ′ n) process; dashed, dot-dashed and dotted lines for the two-, three-and four-step processes. The lines marked with (1) correspond to the processes arising from the (e,e ′ n) reaction and marked with (2) to those arising from the (e,e ′ p) reaction. The total result is given by the solid line with marking dots. Fig. 2 . Differential cross section for the 40 Ca(e,e ′ n) reaction as a function of the angle γ between the emitted neutron momentum and the momentum transfer where the ejectile neutron is emitted from the 1s 1/2 orbit. The solid line corresponds to the direct (e,e ′ n) process without charge-exchange effects and the dotted line represents the difference between the cross-sections with and without charge-exchange effects obtained from an isospin dependent optical potential.
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